Pesticide analysis M any pesticides can be analysed by gas chromatography but their detection and quantification in water samples at the 0.1 µg/L level require an extraction and enrichment step. This step is often carried out using liquid-liquid extraction (LLE) or solid-phase extraction (SPE). LLE requires large amount of organic solvent and has been largely replaced these recent years by SPE using a variety of different sorbents. Although the on-line coupling of SPE with GC is possible, it is not as easy as that involved with liquid chromatography (LC), for which several fully automated devices have been commercially available for several years. Anyway, SPE followed by GC analysis is commonly an off-line multi-step procedure proned to losses of analytes and still needed some organic solvent for analyte elution.
M
any pesticides can be analysed by gas chromatography but their detection and quantification in water samples at the 0.1 µg/L level require an extraction and enrichment step. This step is often carried out using liquid-liquid extraction (LLE) or solid-phase extraction (SPE). LLE requires large amount of organic solvent and has been largely replaced these recent years by SPE using a variety of different sorbents. Although the on-line coupling of SPE with GC is possible, it is not as easy as that involved with liquid chromatography (LC), for which several fully automated devices have been commercially available for several years. Anyway, SPE followed by GC analysis is commonly an off-line multi-step procedure proned to losses of analytes and still needed some organic solvent for analyte elution.
Moreover, only an aliquot of the extract is injected into the gas chromatograph.
Solid-phase microextraction (SPME) was introduced several years ago by Pawliszyn and co-workers [1] and represents a further advance as a complete solvent-free alternat ive technique wh i ch is well adapted to the ex t raction of pesticides from water samples. Organic compounds are simply extracted by dipping the solid phase coating of a silica fibre support into an aqueous solution. Extraction and concentration are then focused in a single step. Then the fibre is transferred into the heated injector of a gas chromatograph wh e re the ex t racted analytes are therm a l ly desorbed and a n a ly s e d. Contra ry to SPE, the total amount of ex t ra c t e d sample is used for the determination by GC. SPME requires small sample volumes (1 to 15 mL), and several fibres with different polarities are now available. Moreover, the technique is easy to automate by using a commercially available auto-sampler.
A recent review [2] and the increasing number of papers devoted to this technique published these last two years, witnesses its increasing use especially in the env i ro n m e n t a l field [3] [4] [5] [6] [7] [8] [9] [10] [11] . The first pesticides applications concerned the m o re vo l atile orga n i ch l o ri n ated insecticides and used an e l e c t ro n -c ap t u re detector (ECD) [3] . Th e n , m a ny ap p l i c ations were devoted to nitrogen-and phosphorous-containing pesticides because of the selectivity of the nitrogen-phosp h o rus detector (NPD) [4] [5] [6] . Some recent publ i c at i o n s reported the use of mass spectrometric (MS) detector and are devoted to more numerous pesticides [7] [8] [9] [10] [11] .
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Solid-phase micro extraction (SPME) combined with gas ch ro m a t o g r a p hy (GC) is a fast and simple technique for the handling of aqueous samples using coated fused-silica fibres. F u l ly automated devices are commerc i a l ly ava i l a bl e. S everal applications have demonstrated the potential of the technique for both screening and quantification of pesticides in water samples with detection limits in the range from 5 to 100 ng/L using mass spectrometry detection.
Description of the SPME procedure
The SPME device is consisted in part on a conve n t i o n a l syringe which makes the system portable. This syringe is used as a holder for the fibre assembly which includes a holl ow needle protecting a small-diameter fused silica fi b re (internal diameter of 110 µm) that has been coated with a polymeric stationary phase (thickness varying between 7 to 100 µm). After piercing the septum of the sample vial, the coated fibre protected in the hollow needle is deployed into the vial. As soon as the extraction is completed, the fibre is retracted back into the hollow needle and the fibre assembly is introduced in the GC injector using the syringe assembly. After piercing the septum of the GC injector, the coated fibre protected in the needle is deployed again into the injector and analytes are therm a l ly desorbed and analy s e d. Because the fibre has been cleaned efficiently while desorbing any contaminants in the GC injector, it can immediately be used for the next analysis. The same fibre could be used up to 30 times for surface water to 100 times for distilled water [4] .
The miniature cylindrical geometry of the SPME device permits a rapid mass transfer during the extraction and the desorption of the concentrated extract into the GC system. During the extraction step, the target analytes partition from the aqueous sample mat rix into the poly m e ric coat i n g. SPME belongs to solid-phase ex t raction methods but the process operates differently. In classical SPE, a known sample volume is perc o l ated through a solid sorbent and the extraction mechanism is closed to a liquid chromatographic process. It is easy to predict the compounds that would be ex t racted with good re c ove ries by considering the ch romatographic data or the analyte's retention time using the extraction phase of interest as an analytical stationary phase. The process involved in SPME is different and is based on a partition process. A first consequence is that analytes are extracted according to their partition coefficients. Therefore, extraction recoveries are never 100% and the partition equilibrium may require some time to be reached. SPME can be operated in the headspace mode when analytes are volatile, the SPME fibre is then exposed to the gaseous space above the aqueous sample. For semi-volatile analytes the SPME fibre is completely immersed into the aqueous matrix. In this paper, only aqueous extractions will be considered since pesticides are mainly semi-volatile compounds.
Amount extracted and partition coefficients
The theoretical partition process has been extensively studied. In a finite volume of sample, V aq , the number of moles of analytes extracted by the fibre at the equilibrium, n s , is dependant on the initial analyte's concentration in solution, C aq , according to:
where K is the partition coefficient at equilibrium of the analyte between the stationary phase with a volume V s and the aqueous phase.
The dynamic of such a model has been modelled for both s t i rring and unstirring conditions and the model pre d i c t s rapid extraction if the solution is completely mixed. Without mixing the equilibrium is limited by the analyte diffusion in water. Therefore extractions are always performed under stirring conditions. Former autosamplers required the use of a small magnetic bar in each vial, but the recent ones include the stirring of the fibre [12] .
The higher the affinity for an analyte towards a coating, the higher the K value associated, and the larger the amount of the extracted analyte at equilibrium. Various factors can influence the SPME efficiency. During the extraction step, the ionic strength and the pH of the aqueous sample, the nature and the thickness of the fibre, the stirring conditions and the temperat u re of the ex t raction must be optimised. During the desorption step, the temperature of the GC injector and the length of time desorption must be considered.
Effects of the various parameters

Ionic strength and adjustment of the pH of the sample
The modification of the ionic strength is to be considered for the ex t raction of wat e r-s o l u ble analytes. A c t u a l ly, t h e more soluble in water the analyte, the lower his affinity for the fibre. Then, the amount extracted by the fibre can be increased by reducing the solubility of the analyte in water, which can be achieved by an addition of a salt or when analytes are ionisable by a pH adjustment corresponding to their molecular form. Very often, sodium chloride is added at a concentration in a range from 2 to 4 M.
Equilibrium times
Equilibrium times are usually determined from time profiles which consist in reporting on a graph the peak area obtained or amount extracted, when varying the extraction time from a few minutes to an hour or more. Time profiles are dependant on the nature and the thickness of the fibre, as well as on the analyte.
Two examples of time pro file curves are given fi g u re 1 fo r at razine and terbu t ryn using a fi b re (PDMS) with three diffe rent thicknesses. Seve ral effects can be observe d. Fi rs t , t h e ex t racted amount increases with the thickness of the fi b re, but not in a similar ratio. Second, the time re q u i red to re a ch e q u i l i b rium depends on the compound. Using the 100 µm fi b re and similar ex p e rimental conditions, e q u i l i brium is observed in less than 30 minutes for at razine wh e re a s m o re than 100 minutes are re q u i red for terbu t ryn. Th e amount ex t racted at the equilibrium is also ve ry diffe re n t : 7 ng and 100 ng are re s p e c t ive ly ex t racted for these two compounds although the initial contents we re the same (550 ng).
Several studies have shown that a shorter time than the equilibrium time can be selected provided that the extraction are timed carefully to prevent from deviations of the amount extracted. The time has also to be selected in order to extract
quantities which are high enough to attain limits of detection during the GC run with the selected detector. In many applications where SPME is performed with an autosampler, the extraction times are often equal to the time required for the analysis. Thus, the extraction of a sample occurs during the GC run of the previous one. Typical extraction times are in a range from 20 to 40 minutes, when several pesticides are to be determined in the same sample.
Selection of the nature and thickness of the fibre
Various fibres with different polarities and thicknesses are commercialised:
• Polydimethylsiloxane (PDMS), 7, 30 and 100 µm.
• Po ly d i m e t hy l s i l ox a n e -d iv i ny l b e n zene (PDMS-DV B ) 65 µm.
• Polyacrylate (PA) 85 µm.
• Carbowax-divinylbenzene (CW-DVB) 65 µm.
• Carboxen-polydimethylsiloxane (CX-PDMS) 75 µm.
In a fi rst ap p rox i m at i o n , the selection of the fi b re is guided by the nature of the analytes. PDMS and PDMS-DVB are considered as the less polar coatings, whereas CW-DVB has an intermediate polarity and PA is the more polar coating. CX-PDMS is more appropriate for small and rather volatile molecules. The non polar PDMS was preferred for the extraction of the non-polar pesticides with low solubility in water such as organochlorines and some of the non polar organophosphorus pesticides, whereas the more polar polyacrylate fibre was shown to be more appropriate for the more polar nitrogen-containing herbicides.
The thickness of the fibre has an important effect on the n s value as shown in fi g u re 1. If the molecular diff u s i o n coefficient of the analytes within the polymeric fibre (D s ) is not a limiting factor, then the larger the fibre, the higher the amount of analyte extracted at equilibrium. Figure 1 points out that comparison of extracted amount and time required for equilibrium should be done with equivalent thicknesses, which is not possible since fibres are not necessarily available with similar thicknesses. Taking this effect into account, four different fibres, PDMS, PDMS-DVB, PA and CW-DVB were compared for the extraction of pesticides having a wide range of water solubilities and polarities [4] . Although the affinity order, as measured by the partition coefficient, were different towards the four coatings, no correlation was established between the characteristics of the fibres and those of the solutes. The two fibres containing divinylbenzene were shown to have the highest affinities for the more polar analytes. An interlaboratory study (including ten laboratories) about the analysis of triazine herbicides and their metabolites has been rep o rted [13] . The SPME conditions we re optimised in order to obtain maximum sensitivity. The salt addition (0.3 g/mL NaCl) and the choice of the CW-DVB fibre were shown to especially increase the sensitivity.
Desorption conditions
During the desorption process, the temperature of the GC injector must be high enough and the desorption time must be long enough to completely desorb the totality of the extracted analytes. Nevertheless, a maximal temperature is recommended by the suppliers to avoid the degradation of the poly m e ric fi b re. Typical desorption temperat u res are 250 -300°C during 3 to 5 minutes. These conditions allow to achieve complete desorption in real unknown samples and to clean the fibre between experiments. Anyway, complete cleaning of the fibre can be easily achieved by including blank run after each real sample run, especially when contaminated samples are handled.
Quantitative analysis and validation
by interlaboratory studies SPME was first considered as a screening method because of the influence of matrix effects and the competition on the partition process that must be taken into account when quantification is considered. Quantitative measurements can be done if standardisation of the detector has been carried out in order to have the real extracted amount. Standardisation is usually perfo rmed by analysing solution spiked with a mixture prepared with a known amount of analytes. With an on-line SPME-GC-NPD procedure, it has been verified that the calibration curves we re similar when one analyte of interest was present on its own in a drinking water sample, or when eleven other pesticides were present at the same concentration, or when two other pesticides were present at a ten times higher concentration (500 µg/L instead of 50 µg/L) [4] . Linearity was obtained over a wide range from 0.1 to 50 µg/L when one proceeds with the CW-DVB fibre, an extraction time of 30 min and a sample volume of 11 mL with addition of NaCl 4M. The same study indicated that most of the pesticides were extracted in a range from 0.5 to 10 µg/L with RSD values in a ra n ge from 2 to 15%.
This precision is in agreement with the reported values in the literature using GC-NPD.
Nevertheless, in order to achieve quantitative analysis, it is important to use sep a rate vials for each ex p e ri m e n t . Consecutive experiments in the same vial lead to non-reproducible results because the amount extracted can represent as much as 20 to 30% of the initial amount in the sample.
As already mentioned, an inter-laboratory validation of SPME for the determination of triazines and their metabolites at the ng/L in water samples was recently reported [13] . Optimised conditions for sensitivity were obtained using the CW-DVB fibre and an extraction time of 30 min. The average detection limits using GC-MS were in a range from 4 to 24 ng/L for seven common triazine herbicides and 20 and 40 ng/L for deisopropylatrazine and desethylatrazine respect ive ly. Relat ive rep e at ability and rep roducibility standard d ev i ations ra n ged from 6 to 14% and from 10 to 17% respectively. The comparison of the determined concentrations of the reference sample with the "true" values of the analytes (in a range from 50 to 120 ng/L) allowed to demonstrate the good accuracy of the method in drinking water.
Selected examples of analysis of pesticides in water samples
Nitrogen-and phosphorous containing pesticides
This group is often selected because it corresponds to pesticides included in the US EPA methods 507 and 508, which involve GC with NPD detection after an extraction step.
A group of 22 nitrogen-containing pesticides have been characterised in ultrapure water samples by manual sampling SPME coupled with GC-MS, GC-NPD and GC-FID [7] . Those pesticides can be divided into va rious subgro u p s according to their chemical structure: triazines, nitroanilines, substituted uracils, thiocarbamates, and several other pesticides containing both nitrogen and chlore atoms that will be treated later in this paper. The polyacrylate fibre (85 µm) was used and was immersed at ambient temperature during a 50 minutes extraction under stirring conditions. The 4 mL sample of ultrapure water containing the pesticides was set at pH 2 and the ionic strength was set at 1 g/mL of NaCl. The desorption of the analytes in the GC injector lasted 5 minutes at 230 °C. Limits of detection (LODs) have been evaluated and are reported table I, as well as those obtained by the conventional EPA methods. LODs are ge n e ra l ly improved by three orders of magnitude using MS compared with FID. The RSD values range from 2 to 20% and can be expected lower with the use of an autosampler. A ny way, these values are lower than 30% wh i ch is the maximu m RSD value accepted by the EPA. The linearity obtained with the 3 procedures was shown to be good in the range of 0.1 to 1 000 ng/mL, with linear regression coefficients higher than 0.99 for 21 of the 22 studied pesticides. The MS (iontrap) chromatogram is shown in figure 2 .
Another group of selected nitrogen-containing pesticides has been analysed by SPME-GC-MS [10] . Those compounds are ametryn, atrazine, prometryn, terbutryn and molin at e. Th ey we re ex t racted with the polya c ry l ate fi b re (85 µm) immersed at 55 °C during 45 minutes under stir-
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ANALUSIS MAGAZINE, 1998, 26, N° 6 ring conditions. The ionic strength was adjusted at 5 g/L of NaCl. The desorption lasted 2 minutes at 250 °C. The MS detection was performed with both SIM (selected ion monitoring) and full-scan acquisition modes. The linearity with the corre l ation coefficients and the rep e at ability of the method were good. LODs were estimated with spiked drinking water samples and ranged from 0.01 to 0.2 µg/L with full-scan acquisition mode and from 0.002 to 0.01 µg/L with SIM acquisition mode. The two MS ch ro m at ograms are shown in figure 3 .
The 39 nitrogen and phosphorus-containing pesticides listed in the US EPA method 507 have been characterised by SPME-GC-MS and SPME-GC-NPD, spiked at 10 µg/L level in drinking water [9] . The PDMS (100 µm) fibre was used, with an extraction time of 20 minutes at ambient temperature under stirring conditions. The 4 mL water samples we re set at pH 7 and the desorption lasted 5 minutes at 220 °C. The cor responding NPD chromatogram is shown in figure 4 where we can observe 36 of the 39 pesticides since disulfoton sulfoxide, mevinphos and fluridone have higher limits of detection than 10 µg/L. The LODs have been reported in table II, as well as the LODs obtained by the US EPA. As many as 34 of the 39 pesticides were measured at levels lower than those of the EPA method 507, showing thus the ability of the SPME-GC-NPD procedure for monitoring drinking water in United States.
In Europe, required detection limits are much lower than in United States since the concentration of individual pesticide and toxic transformation products in drinking water and surface water used for drinking purpose are limited by the European Community (EC) to 0.1 µg/L. The performance of the on-line SPME-GC-NPD methods has been eva l u at e d with 12 selected nitrogen-and phosphorus-containing pesticides in drinking and river Seine water samples [4] . Th e C W-DVB (65 µm) fi b re provided the highest sensitiv i t y, with an extraction time of 30 minutes at ambient temperat u re under stirring conditions. The 11 mL water samples were set at pH 7 and the ionic strength was fixed at 4M with RSD values are below 10% except for EPTC, Vernolate and Cycloate which have been proved to be instable and degradable during the SPME process [4] . Figure 5 shows the chrom at ogram corresponding to the river Seine water sample, non-spiked and spiked with 1 µg/L of each of the 12 pesticides. The river Seine water sample is quite contaminated, and the relatively clean corresponding chromatogram is due, in part, to the selectivity of the NPD. When considering the LODs reported for drinking water in table III and taking into account that quantifi c ation at 0.1 µg/L re q u i red LODs at least three times lowe r, then only dich l o rvo s , p ro m e t o n , at ra z i n e, t e r bu t ry n e, t ri a d i m e fon and fenamiphos can be monitored in drinking water using SPME-GC-NPD. For the 6 other pesticides and according to the values in tables I and II, quantification at 0.1 µg/L level requires the SPME-GC-MS coupling. A c t u a l ly, this pro c e d u re can be a ro u t i n e method well adapted for both confirmation of pesticide identity and rapid monitoring of drinking water at 0.1 µg/L level required by EC regulations.
Organochlorine pesticides
C h l o ri n ated pesticides have also been ch a ra c t e rised using manual device SPME coupled with GC-ECD analysis [3] . The PDMS (100 µm) fibre was immersed at ambient temperature in 4 mL water samples for 15 minutes under stirring conditions. The desorption of the analytes lasted 3 minutes at 260 °C. Fi g u re 6 shows the two ch ro m at ogra m s c o rresponding to 21 ch l o ri n ated pesticides spiked at 200 ng/L in drinking water or at 500 ng/L in hazard o u s waste. LODs in drinking water have not been reported but can be evaluated in the low ppt level. The background in chromatogram (B) is due to the high contamination of the waste sample. Howeve r, q u a n t i fi c ation of the ch l o ri n at e d pesticides in this hazardous waste remains possible at a level ranged from 0.05 to 0.4 µg/L. In this case, SPME can be used as an efficient and rapid screening method possibly on site or to precede a more precise analyse by GC-MS. SPME can for example rapidly highlight the necessity to dilute a sample before a GC-MS analysis.
Chlorinated pesticides have also been analysed by SPME-GC-MS with both SIM and full-scan acquisition modes [10] . Those compounds are α-H C H , δ-H C H , l i n d a n e, a l d ri n , d i e l d ri n , α-e n d o s u l fa n , β-e n d o s u l fa n , h ep t a chlor and hept a chlor ep ox i d e. The linearity with the corre l ation coefficients and the repeatability of the method were good. LODs were estimated with drinking water in the range of 0.01 to 0.02 µg/L with full-scan acquisition mode and 0.002 to 0.01 µg/L with SIM acquisition mode. The two chromatograms of these procedures are shown in figure 3 . Figure 2 also i n cluded some orga n o ch l o rine compounds, and LODs reported on table I can be compared for FID, NPD and MS detections.
Conclusion
SPME is an efficient solvent-free technique for the handling of aqueous samples prior to GC analysis. The method has several advantages such as simplicity, low cost, rapidity and the sensitivity of the combination of SPME-GC with approp ri ate detection modes. SPME can be successfully performed as a rapid screening method or as a quantitative one for trace determ i n ation of pesticides in water samples. Quantitative analysis can be performed provided that careful calibration with spiked solutions has been performed previously using exactly the same conditions as those used for running unknown samples. Limits of detection for quantification at the 0.1 µg/L level, as required by the EC regulations for the pesticides in water samples, are easily achieved with MS detection. Because SPME is a partition process, the co-extraction of humic substances and therefore the background on the chromatograms are reduced. Wastewater samples, for example, can be screened on site before a more accurate analysis on laboratory.
